ABSTRACT
INTRODUCTION
Composites have been considered as an important engineering material for potential applications in various industries from the days of their inception. During the last several decades, extensive research has shown tremendous promise of Metal Matrix Composites (MMCs) and a large number of conventional and innovative fabrication techniques have been developed to engineer composites for a diverse field of applications [1] [2] [3] [4] . The most common choices for the matrix of a metal matrix composite have been aluminium, magnesium and titanium. The titanium matrix composites were engineered for a spectrum of performance-critical and high temperature related applications. The aluminum alloy-based MMCs were favorable on account of their low density, wide alloying range, capability and response to heat treatment using the existing infrastructure that is used for the monolithic counterparts, and the intrinsic flexibility and responsiveness to both primary and secondary processing. Matrix strengthening by reinforcing nanosized ceramic particles attracts many researchers as it maintains good ductility, high temperature creep resistance and fatigue properties [5] [6] [7] [8] . The ductility and toughness of such MMCs can be significantly improved with simultaneous increase in strength by reducing the particle size to the nanometer range in the so-called Metal Matrix Nanocomposites (MMNCs) [9] .
To facilitate the development of MMNCs, it is necessary to develop constitutive relationships that can be used to predict the bulk mechanical properties of MMNCs as a function of the reinforcement, matrix, and processing conditions. In the past few years, some modeling work [10] [11] [12] [13] has been done in this regard. Zhang and Chen [14] developed an analytical model for predicting the yield strength of particulate-reinforced metal matrix nanocomposites. Yield strength of MMNCs is governed by the size and volume fraction of nanoparticles, the difference in the coefficients of thermal expansion between the matrix and nanoparticles, and the temperature change after processing. The above model indicates that 100 nm is a critical size of nanoparticles to improve the yield strength of MMNCs, below which the yield strength increases remrkably with decreasing particle size.
The aim of the present investigation is to synthesize Al-TiC nanocomposites using blend-presssinter powder metallurgy (PM) technique. Obtained composites were hot extruded and characterized for their microstructural characteristics and mechanical properties. Particular emphasis was placed to study the effect of secondary processing and the presence of nano-sized TiC particulates as reinforcement on the microstructure and mechanical response of commercially pure aluminium matrix. In the present paper, section 2 covers the experimental procedure followed during the primary and secondary stages of processing, density measurement, hardness and microstructural anlaysis. Section 3 details the observation made at microstructural and microstructural levels. Mechanical properties evaluated for the Al-TiC composites and comparison of theoretically predicted yield stress to that of experiments are given in section 3. The conclusions made from the present experimental investigations are given in section 4.
EXPERIMENTAL PROCEDURES

Materials
In this study, base material was Aluminum powder >99% purity (supplied by Alfa Aesar, Germany) with an average particle size of 28.69 microns. Nano-sized TiC particulates (supplied by Alfa Aesar, Germany) with an average size of 45nm were used as reinforcement.
Primary Processing
To obtain the powder mixture, the pure Al and TiC powders were introduced together into an air tight sealed container and the container was placed in a chrome steel jar of a two station Insmart Systems, laboratory scale high energy planetary ball mill operating at a rotational speed of 300 rpm with a mixing time of 90 minutes. The purpose of this step was to mix powders without changing their original characteristics. The conventionally mixed powders were consolidated by cold pressing followed by sintering and hot extrusion. Uniaxial cold-pressing in a cylindrical die was carried out at a pressure of 500MPa, with zinc stearate as the lubricant. The sintering of composite samples were carried out at 550 0 C with a soaking time of 120 min under controlled atmosphere providing Argon gas throughout the process and subjected to furnace cooling.
Secondary Processing
Primary processed materials were subsequently hot extruded at 600 0 C employing an extrusion ratio of 14.06:1. Molybdenum Disulphide was used as lubricant.
Density
Density of green compacts, as sintered specimens and polished extruded materials, was determined using Archimedes principle [15, 16, 17] . Distilled water was used as the immersion fluid. Three polished samples randomly selected from each as sintered and extruded composite formulation were weighed in air and then immersed in distilled water, using an electronic balance with an accuracy of ±0.1mg.
Microstructural Characterization
Microstructural characterization studies were conducted on metallographically polished sintered and extruded samples to investigate grain characteristics, reinforcement distribution and interfacial integrity between the matrix and reinforcement using Hitachi S4100 Scanning Electron Microscope (SEM).
X-ray Diffraction
X-ray diffraction analysis was carried out on the polished samples of Al-TiC composites in as extruded conditions using automated Rigaku Ultima III XRD. The samples were exposed to Cu K radiation (k = 1.54056A˚) at a scanning speed of 2 
Hardness
Macro hardness measurements were made on the polished samples of Al/TiC samples in extruded and sintered conditions. The Vickers microhardness of the composite samples has been measured using a load of 25 g for 10 s. At least five measurements of microhardness were performed on each sample. The smooth bar tensile properties of the extruded samples were determined in accordance with ASTM test method E8M-01 using FIE 100Tons Universal Testing machine on round tension test specimens of 6mm diameter and 24mm gauge length. Fractography was done on the fractured surface of tensile specimens using a Hitachi S4100 Scanning Electron Microscope (SEM).
Tensile Properties
RESULTS AND DISCUSSION
Macrostructural Characteristics
Macrostructural characterization conducted on the as sintered billets of Al-TiC composites revealed the absence of macrostructural defects such as circumferential or radial cracks as shown in the low magnification images of Fig. 1 . Following extrusion, no observable macro defects were observed on Aluminium nanocomposites of varying TiC percentage. The outer surface was smooth and free of circumferential cracks.
Fig. 1 Macrograph of Al-TiC nanocomposites (a) as extruded (b) as sintered conditions
Microstructural Characteristics
Microstructural studies of composite specimens showed uniform distribution of reinforcing particles with good reinforcement-matrix interfacial integrity and significant grain refinement. Observation also revealed minimal presence of porosity in the materials. Fig. 2 (a) shows the SEM micrograph of initial Aluminium powder particles. The SEM micrographs of a single aluminium powder particle exhibiting the individual grain is shown in Fig. 2 (b). The distribution of Al particles, as in the received condition, is shown in Fig. 2(c) . It was found that the average particle size is 28.69 m with uniform distribution of particles. The SEM micrograph of as received nanoceramic TiC particles is shown in Fig. 2(d) in clustered form. The shape of the TiC particle is found to be irregular in nature. Fig. 3 shows the SEM micrograph of Al-2.0(wt)%TiC composite sample after hot extrusion. Visible micro cracks can also be seen in the above picture. Reduction in grain size of aluminum matrix due to secondary processing can be attributed to the Vol.10, No.14 Effect of Secondary Processing 1297 coupled effects of (i) capability of nano-ceramic particulates to nucleate Aluminum grains during recrystallization and (ii) restricted growth of recrystallized aluminum grains as a result of pinning by nano-ceramic particulates [17, 18] . The reasonably uniform distribution of reinforcement particulates, as shown in Fig.2 , can be attributed to suitable blending parameters, such as speed of the jar and blending time and the high extrusion ratio used in secondary processing. In theory, uniform distribution of particulates can be obtained when larger deformation is applied irrespective of size difference between the reinforcement particle and matrix powder [18] . The grain size of initial aluminum powder is fine and is found to be 320 nm and the single grain of a particle, as shown in circle, is Fig. 2(b) . XRD analysis on the as sintered and as extruded samples, as shown in Fig. 4 , revealed the absence of any intermetallic and reaction phase in the composites. The inset figure shows the peak broadening effect of secondary processing (extrusion) which exhibits the reduction in grain size. The diffraction patterns of the Al-TiC composites analyzed exhibited various peaks corresponding to the face centered cubic (FCC) phase of Al. Al peaks and TiC peaks were indexed using JCPDS file numbers 04-0787 and 02-0942 respectively. Williamson and Hall [19] 1298 V. Senthilkumar, A. Balaji Vol.10, No.14 proposed a method of deconvoluting size and strain broadening by looking at the peak width as a function of diffracting angle 2θ and the instrumental corrected broadening, , corresponding to the diffraction peak of Al was estimated using the following equation: (1)
where K is the shape factor (0.9), is the X-ray wavelength (1.5406Å), is the Bragg angle and is the effective crystallite size normal to the reflecting planes and is the lattice strain. The instrumental corrected broadening, , was approximated as a full width at half-maximum (FWHM) by Gaussian fit, which was calculated by using X-Ray Diffraction Analysis software based on each diffracting angle of 2θ. The first four Al reflecting planes (1 1 1), (2 0 0), (2 2 0), (2 2 2) were used to construct a linear plot of as a function of , the crystallite size 't' may be estimated from the intersection with the vertical axis and the lattice strain from the slope of the line [19] .
Grain refinement of Al-TiC nanocomposites in as extruded state is provided in Table 1 . As discussed in this section in 3.2 thermo-mechanical processing (extrusion) of sintered samples resulted in the formation of fine grain sizes and pinning of aluminium grains. The presence of minimal porosity in composite materials supported by the experimental density values can be attributed to good compatibility between Al and TiC and the use of an appropriate selection of compaction, sintering and extrusion parameters. 
Mechanical Characteristics
The results of mechanical characterization (hardness and tensile properties) revealed that significant contribution of nano-TiC reinforcement in improving the overall mechanical performance of Aluminum. Ductile fracture behavior of the matrix was observed.
Hardness
The results of micro hardness measurements, as provided in Table 2 , revealed the presence of nano-TiC reinforcement led to a significant increase in macro and micro hardness of Aluminum 1300 V. Senthilkumar, A. Balaji Vol.10, No.14 nanocomposites. This can be attributed primarily to the presence of relatively harder ceramic titanium carbide particulates in the matrix, their strong resistance on the soft aluminium matrix for any indentation, and finally a reduced grain size. 
Tensile properties
Room temperature tensile test revealed simultaneous improvement in 0. Significant increase in 0.2% YS and UTS of pure Aluminum, due to the presence of nano-TiC as reinforcement can primarily be attributed to the coupled effect of multi-directional thermal stress due to the generation of dislocation at the TiC/Al interface as an effect of the large mismatch in coefficient of thermal expansion between matrix and reinforcement, the effective transfer of applied tensile load to the uniformly distributed enormous number of well bonded strong TiC particle, one of the hardest refractory metal carbide with a Vickers hardness of 19.6-31.4 GPa [20] , and the grain refinement. It may be noted that strengthening effect of nano-size particulates will be higher as an increase in dislocation density; with the further decrease in particulate size for a constant volume fraction of reinforcement will be much higher and is well established. In general, the yield stress of material is the stress required to operate dislocation sources and is governed by the presence and magnitude of all the obstacles that restrict the motion of dislocation in the matrix. Multi-directional thermal stress induced during processing easily starts multi-gliding system under applied stress so that dislocations were found developing and moving in several directions [21] . Multi-glide planes agglomerate under thermal and/or applied tensile stress to form grain boundary ledges. As the applied tensile load increases, these ledges act as obstacle to dislocation movement resulting in pile-ups and lead to the significant increase in the yield strength of the composites over pure Aluminum. Increasing pile up of dislocation at the grain boundary ledges creates stress concentration which cause yielding of the ledges with an avalanche of grain boundary sliding under increasing applied stress and cause the ductile failure of the composites with a result of tremendous increment (50%) in ductility of Al/TiC composite when compared to that of Aluminum micro composite with 10%(vol) SiC reinforcement [22] . Finer grain size might be the additional force behind increment of the ductility. Improvement in ductility of Aluminum alloys exploiting very fine thermally unstable secondary phase precipitation at grain boundaries has been well established. Presence of particulates clusters at grain boundary might lead to early grain boundary cavitations and eventually end up with relatively low ductility. The results also revealed that addition of 2.0wt% of nano-size TiC lead to an improvement in overall combination of mechanical properties. 
Prediction and comparison of Orowan theoretical yield stress with experimental results
The increase in tensile strength can be attributed to the coupled effects of Orowan strengthening [23] , grain refinement, the formation of internal thermal stress due to different Co-efficient of Thermal Expansion (CTE) values between the matrix and the reinforcement particles (26.49 X 10 for TiC), effective load transfer between the matrix and the reinforcement and the hardening due to the strain misfit between the reinforcing particulates and the matrix. The contributions to the increase in the YS of the composites by various strengthening mechanisms could be taken as a simple summation or the root of the sum of squares of the different mechanisms which have been discussed in several recent studies [23] . Orowan strengthening caused by the resistance of closely spaced hard particles to the passing of dislocations is important in aluminum alloys. However, that Orowan strengthening is not significant in the micro sized particulate-reinforced MMCs, because the reinforcement particles are coarse and the interparticle spacing is large. Furthermore, since the reinforcement is often found to lie on the grain boundaries of the matrix, it is unclear whether the Orowan mechanism can operate at all under these circumstances. For melt processed MMCs with the usually-used particles of 5 nm or larger, Orowan strengthening has indeed been pointed out to be not a major factor [23] . In contrast, due to the presence of highly-dispersed nanosized reinforcement particles (smaller than 100 nm) in a metal matrix, Orowan strengthening becomes more favourable in MMNCs. It has been well established that the presence of a dispersion of fine (100 nm) insoluble particles in a metal can considerably raise the creep resistance, even for only a small volume fraction (<1%), due to the fact that Orowan bowing is necessary for dislocations to bypass the particles. For composites containing fine particles, strengthening is often explained by the Orowan mechanism [23, 24] . It is noted that thermal stresses around the nanoparticles are large enough to cause plastic deformation in the matrix and dislocation loops around the vicinity of the nanoparticles. In addition, secondary processing, such as extrusion, is used to synthesize MMNCs. It is clear that plastic deformation has occurred during synthesis of MMNCs and Orowan loops are expected to exert a back stress on dislocation sources. Therefore, it is necessary to take into consideration the Orowan strengthening in the modeling of MMNCs. With the help of the following equations yield stress can be calculated.
As stated above, for MMNCs Orowan strengthening mechanism should be taken into consideration. When several strengthening effects are simultaneously present, one way would be to use the rules of addition of the strengthening contributions, e.g., by Lilholt [25] . Thus, the yield strength of particulate-reinforced MMNCs, σ yc was expressed as follows [14] considering Ramakrishnan [26] approach which combines additive and synergistic effect of strengthening mechanisms:
where Orowan f is the improvement factor associated with Orowan strengthening of the nanoparticles. For particulate-reinforced composites the general expression for 1
where p V is the volume fraction of the reinforcement nanoparticles. to be entirely due to the residual plastic strain developed due to the difference in the coefficients of thermal expansion (DCTE) between the reinforcement phase and the matrix during the postfabrication cooling. For equiaxed particulates the following expression was reported
where p d is the particle size, α ∆ is the difference in the coefficients of the thermal expansion, T ∆ is the difference between the processing and test temperatures. The improvement factor related to the Orowan strengthening of nanoparticles introduced in Eq. (2) can be expressed as, 8), and the experimental data has been observed and shown in Fig. 6 . It has been also observed that the model proposed by Zhang and Chen [14] can be effectively used for predicting the yield strength of the aluminium based nanocomposites. A small amount of error between the thereortical model and the experimental value was found in the present investigation. The overestimation of results is due to the assumption made in the formulation of equation with regards to the shape of the nano particles which is spherical in the present case. However, the TiC nanoparticles assume irregular shape which can be seen in the Fig. 2(d) . The orowan model predicted a better result with an error of 4% in the case of higher volume fraction (1.0%) exhibiting better mechanical properties. 
